IMPORTANCE Despite the increasing prevalence of pregravid obesity, systematic evaluation of the association of maternal obesity with fetal growth trajectories is lacking.
O besity, including in women of reproductive age, has become a global epidemic. Data from the 2011/2012 National Health and Nutrition Examination Survey (NHANES) 1 reported that 32% of reproductive-aged US women have a body mass index (BMI; calculated as weight in kilograms divided by height in meters squared) of 30 or higher and are considered obese. Moreover, approximately 45% of US women were either overweight or obese (BMI 25 or higher) when becoming pregnant. 2 Obese pregnant women are at higher risk for several common pregnancy complications, such as gestational diabetes, gestational hypertension, and preeclampsia. In addition, their fetuses are exposed to an unfavorable in utero metabolic environment. 3 Emerging evidence from both animal and human experimental studies has demonstrated that increased levels of chronic inflammation, oxidative stress, insulin resistance, and glucose related to maternal obesity create an environment that can lead to altered fetal growth. [4] [5] [6] [7] [8] Additional data from human epidemiologic studies corroborate that fetuses born to obese women are at greater risk for overgrowth, which may predispose them to obesity and cardiometabolic disorders later in life.
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Most previous studies on maternal obesity and fetal growth were based on birth size and did not assess the longitudinal pattern of in utero fetal growth. Longitudinal and systematic evaluation of differences in growth trajectories across gestation by maternal obesity status, as measured by serial ultrasonography, is lacking. Moreover, it is unknown when differences in fetal growth might arise or persist. This information is particularly relevant in designing gestation-specific interventions that might reduce the effect of maternal obesity on fetal growth. Further, because obese women often experience coexisting morbidities such as diabetes and hypertension, it is important to determine whether the association of maternal obesity with fetal growth is independent of these comorbid conditions. In response to these critical data gaps, we sought to determine whether fetal growth differs by maternal prepregnancy obesity status by analyzing 2-dimensional serial ultrasonogramss taken throughout pregnancy from the cohort of women enrolled in the National Institute of Child Health and Human Development (NICHD) Fetal Growth Studies-Singletons. Moreover, we sought to identify the timing and duration of observed differences.
Methods

Study Design
The NICHD Fetal Growth Studies-Singletons comprised 2 cohorts of pregnant women: those with singleton pregnancies 10 and dichorionic twin pregnancies.
11 Women in the singleton cohort (n = 2802) were aged 18 to 40 years, had a viable singleton pregnancy, and planned to deliver at participating hospitals; the group included 468 obese women (ie, those with a prepregnancy BMI of 30.0 to 44.9) and 2334 nonobese women (ie, those with a prepregnancy BMI of 19.0 to 29.9). Women were recruited from 12 US clinical sites between July 2009 and January 2013 and were followed up through delivery. After enrollment, 2585 women (92%) completed the protocol.
Both obese and nonobese pregnant women were excluded if they reported having major chronic conditions before pregnancy (autoimmune diseases, cancer, diabetes, chronic hypertension requiring 2 or more medications, renal disease requiring medical supervision, HIV/AIDS, or psychiatric disorders). In addition, nonobese women were excluded if they had epilepsy or seizures requiring medication, hematologic disorders, asthma, or thyroid disease. Both obese and nonobese women were excluded if they became pregnant with the use of ovulation stimulation drugs or assisted reproductive technology, or if they reported having smoked tobacco in the prior 6 months, having used illicit drugs in the past year, or having consumed 1 or more alcoholic drinks per day at the time of enrollment. In these analyses, 14 nonobese women and 25 obese women were identified as ineligible after enrollment and excluded from the final analytical population. Therefore, the final analytic study population included 443 obese and 2320 nonobese women.
Approval for human subjects research was obtained from the institutional review boards at all participating sites, and women gave informed consent before enrollment. Further details have been previously reported.
10
Exposure
Participants completed a screening and enrollment visit between 8 weeks and 0 days' gestation and 13 weeks and 6 days' gestation. During this visit, prepregnancy BMI was calculated based on self-reported weight and height. Self-reported weights and heights were highly correlated with the weights and heights subsequently measured by study personnel during the enrollment visit (correlation coefficient r =0 . 97for weight; r = 0.95 for height). Women were classified as obese, overweight, or normal weight if their prepregnancy BMI was 30.0 or greater, 25 to 29.99, or 18.5 to 24.9, respectively; both overweight and normal-weight women were considered nonobese. changes in diet, lifestyle, and medical conditions. Maternal weight was measured at every postenrollment study visit via a standardized protocol.
Outcomes
Following the baseline enrollment visit and ultrasonography, women were randomized to 1 of the following 4 schedules for additional ultrasonographies: 16, 20, 24, 28, 32, and 35 weeks (schedule A); 18, 22, 26, 30, 34, and 36 weeks (schedule B); 20, 28, 32, 36, and 40 weeks (schedule C); and 22, 29, 33, 37, and 41 weeks (schedule D). By design, this mixed longitudinal randomization scheme captured fetal growth data for each week of pregnancy without exposing women to weekly ultrasonographic examinations. Study visits were scheduled within 1 week of the targeted gestational age to accommodate women's availability.
At each ultrasonographic examination, fetal biometric measurements were performed following standard operating procedures and using identical equipment (Voluson E8; GE Healthcare). All measurements and images were captured in ViewPoint (GE Healthcare) and electronically transferred to the study's imaging data coordination center. Longitudinal measurements were taken for humerus length, femur length, and biparietal diameter from the outer to the inner edge of the calvarial wall using the linear function and for head circumference and abdominal circumference using the ellipse function. The study's central ultrasonographic unit credentialed all participating ultrasound technicians throughout the study.
12 Furthermore, intraobserver correlations for all fetal growth ultrasonographic measurements were greater than 0.99 in both obese and nonobese women; no differences in the quality of data were found by maternal obesity. Within 24 hours of delivery, neonatal anthropometric measurements, including birth weight and length, were completed. Newborns were classified as large for gestational age (LGA) if birth weight was greater than or equal to the 90th percentile for birth weight; small for gestational age if birth weight was less than the 10th percentile for birth weight, 13 and macrosomic if birth weight was equal or greater than 4000 g. Estimated fetal weight (EFW) was calculated using the Hadlock formula, 14 which incorporates head circumference, abdominal circumference, and femur length. Newborns were classified as having idiopathic fetal growth restriction if their EFW was less than 10% the EFW of the standard (nonobese) cohort in this study. The ratio of head circumference to abdominal circumference and femur length to abdominal circumference were calculated for examination of trends in growth patterns and body proportions over time.
Statistical Analysis
Characteristics of study participants were presented with means with standard deviation (SD) for continuous variables and as percentages for categorical variables. Differences in characteristics between obese and nonobese women were assessed by t test for continuous variables and by χ 2 test for categorical variables. All serial ultrasonographic data were used to estimate individual fetal parameters, ratios of head circumference to abdominal circumference, ratios of femur length to abdominal circumference, and EFW by gestational age. Ultrasonographic measurements (biparietal diameter, head circumference, abdominal circumference, humerus length, and femur length), ratio of head circumference to abdominal circumference, ratio of femur length to abdominal circumference, and EFW were log-transformed to stabilize variances across gestational age and to improve normal approximations for the error structures used in statistical analysis. The primary analysis compared fetal growth trajectories by maternal obesity status regardless of pregnancy complications or neonatal conditions. For modeling growth trajectories among obese women, we used linear mixed models with a cubic spline mean structure and a random-effects structure that included linear, quadratic, and cubic random effects and an intercept term for the individual fetus. 15 A polynomial randomeffects structure was chosen to provide flexibility in modeling between variation in the fetal growth trajectories of individual participants. Linear mixed models were also used to test between obese and nonobese groups for overall differences in fetal growth trajectories in EFW and other anthropometric variables. These used likelihood ratio tests of interaction terms between spline mean structure terms and obese-nonobese indicator variables. For the cubic spline mean structure, 3-knot points (25th, 50th, and 75th percentiles) were chosen at gestational ages that evenly split the distributions.
For an overall comparison of fetal growth trajectories between obese and nonobese women, the nonobese women were weighted to have the same distribution of race/ethnicity as in the obese cohort. For anthropometric parameters that were significantly different between obese and nonobese cohorts, we further tested for week-specific differences using Wald tests computed at each gestational age. These tests were conducted on the estimated curves with and without adjustments for the following maternal characteristics: age, race/ ethnicity, parity, full-time employment/student status (yes/ no), marital status (married/cohabitating vs single), health insurance (private/managed care vs Medicaid/other), annual income (less than $29 999, $30 000-$49 999, $50 000-$74 999, $75 000-$99 999, and more than $100 000), education (less than high school, high school, some college, undergraduate degree, and postgraduate degree) and infant sex (male or female). When performing covariate-adjusted tests for weekspecific differences in fetal growth curves, we used a procedure of multiple imputation (with 20 imputations) to account for missing covariate data. 16 Similar analysis methods were applied in the secondary analyses, which tested the difference in fetal growth measures between obese and normalweight women (ie, those with BMIs between 18.5 and 24.9).
To assess the robustness of the findings, we performed a sensitivity analysis limited to fetuses from women without major obstetric complications associated with abnormal fetal growth, such as gestational diabetes, gestational hypertension, preeclampsia, and preterm delivery. By design, nonobese women were excluded post hoc from the analysis if they had additional chronic medical conditions (epilepsy or seizures requiring medication, hematologic disorders, asthma, or thyroid disease); the exclusion was not applied to obese women. We conducted a sensitivity analysis by excluding 16 obese women with the medical conditions that had been exclusion criteria for the nonobese cohort.
All analyses were implemented using SAS, version 9.4 (SAS Institute Inc) or R, version 3.1.2 (R Development Core Team). A 2-tailed P value less than .05 defined significance.
Results
In general, obese women had lower educational attainment and were more likely to be single, unemployed, and residing in households in lower income brackets than nonobese women ( Table 1 ). The height of obese women was similar to that of nonobese women (mean, 162.8 cm vs 162.5 cm). Moreover, obese women were more likely to develop gravid diseases, such as gestational diabetes (8.4% vs 3.7%; P < .001), gestational hypertension (11.3% vs 3.0%; P < .001), and preeclampsia (7.4% vs 3.4%; P < .001), and to have a cesarean delivery than nonobese women (34.1% vs 25.2%; P < .001). Although the mean gestational age at delivery for obese women was similar to that of nonobese women (39.0 weeks vs 39.2 weeks; P = .29), infants born to obese women had heavier birth weights by almost 100 g (mean, 3373 vs 3279 g; P < .001) and were more likely to be LGA (11.7% vs 8.3%, P = .03). No significant differences were observed based on obese status for male sex, fetal growth restriction, or small-for-gestational age status. Fetal growth curves for EFW for obese and nonobese women, including the 10th, 50th, and 90th percentiles, are presented in Figure 1 and illustrate important differences. Corresponding EFWs by maternal adiposity status (ie, obese, all nonobese women, overweight women, and normal-weight women) are provided in Table 2 . Starting from 30 weeks' gestation through 38 weeks' gestation (at which point a large percentage of the women had delivered), the EFW of fetuses born to obese women were significantly and progressively larger than those of nonobese women. Specifically, at 30 weeks, the median EFW for fetuses of obese women was 20 g heavier than for fetuses of all nonobese women (1512 vs 1492 g; P = .04) and 28 g heavier than the fetuses of normal-weight women (1512 vs 1484 g; P = .05). At 38 weeks' gestation, this difference between obese and nonobese cohorts increased to 71 g (3217 vs 3146 g; P = .01) at the median and to 98 g (3217 vs 3119 g; P < .001) between obese and normal-weight women.
The curves for individual fetal anthropometric measurements are presented in Figure 2 . Corresponding results are provided in eTables 1-7 in the Supplement. The fetuses of obese women had longer femur and humerus lengths, larger head circumferences, and larger femur length to abdominal circumference ratios than the fetuses of nonobese women (P < .05). More specifically, commencing at 21 weeks' gestation, both femur and humerus lengths were longer in the fetuses of obese women than in those of nonobese women, even after covariate adjustment. Such differences persisted through 38 weeks' gestation (median, 71.3 vs 70.2 mm for femur length and 62.2 vs 61.6 mm for humerus length). Head circumference was also larger in the fetuses of obese woman than the fetuses of nonobese women, most significantly between 33 and 35 weeks. The fetuses of obese women had greater femur length to abdominal circumference ratios than did fetuses of nonobese women, although significant differences were restricted to time spans in early pregnancy (at 11 weeks), midpregnancy (19 to 26 weeks) and late pregnancy (31 to 35 weeks). Overall, mean abdominal circumference did not differ significantly between obese and nonobese cohorts. However, when being compared with normal-weight women, average fetal abdominal circumference was significantly larger for obese women, starting from 32 weeks' gestation (median, 282.1 vs 280.2 mm) through 38 weeks' gestation (median, 341.9 vs 338.3 mm). Overall fetal biparietal diameter was not statistically different in fetuses of obese women compared with those of either nonobese or normal-weight women.
To evaluate whether the association of obesity with fetal growth was independent of gravid complications particularly related to fetal growth (gestational diabetes, gestational hypertension, and preeclampsia), we restricted our analyses to women without these conditions. The results observed were similar. For instance, humerus length remained significantly longer in fetuses of obese women compared with nonobese women commencing at 20 weeks' gestation even after covariate adjustment. Such differences persisted through 40 weeks' gestation (median, 64.7 vs 64.2 mm for humerus length; adjusted global test P = .003). Similarly, from 24 weeks' gestation through 39 weeks' gestation, femur length was significantly longer in fetuses of obese women compared with nonobese women (median, 72.5 vs 71.9 mm for femur length at 39 weeks' gestation; adjusted global test P = .04).
We also investigated whether there was a sex-specific association between maternal obesity and fetal growth by stratifying the cohort by fetal sex and performing tests of interaction by model fitting. No statistically significant interaction was observed.
Discussion
In this prospective longitudinal study, we observed significant differences in fetal growth between obese and nonobese pregnant women without preexisting major chronic conditions. To our knowledge, our study is the first to demonstrate that femur and humerus lengths in the fetuses of obese women were significantly longer than in the fetuses of nonobese women, starting from 21 weeks' gestation, extending through the rest of pregnancy, and persisting even after adjustments for sociodemographic differences between obese and nonobese cohorts. Furthermore, the differences in femur and humerus lengths were not accounted for by an increased risk of common obesity-associated gravid diseases. Overall, head circumference was also greater in fetuses of obese women, with the difference being significant between 33 and 35 weeks. Abdominal circumference of the fetuses of obese women didn't differ significantly from those of nonobese women, but this measurement was significantly greater than normal-weight women starting from 32 weeks' gestation onward. Overall, EFW among obese women was significantly and progressively larger starting at 30 weeks' gestation, and the difference became larger with increasing gestational age. At delivery, neonates of obese women were significantly heavier and more likely to be LGA.
Our findings of significantly larger EFWs for fetuses of obese women compared with nonobese women are gener- 
Estimated fetal weight
Estimated fetal weight for singletons by prepregnancy obesity status, as estimated from linear mixed models with log-transformed outcomes and cubic splines.
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ally consistent with findings from the Generation R Study.
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In this study conducted in the Netherlands, prepregnancy BMI was significantly and positively related to estimated fetal weight from midpregnancy onward. 17 Our finding that a significant elevated risk of LGA is associated with maternal obesity is generally in line with findings from additional previous studies. 18-21 However, previous research on maternal obesity and fetal growth has relied mainly on birth weight. Data on the relation between other fetus anthropometric measures and maternal adiposity were not reported in the Generation R study, 17 and studies with longitudinal ultrasonographic measures of fetal growth are scant. In addition, major chronic conditions, such as diabetes, that disproportionately affect obese women have not been fully considered in previous studies, making it hard to determine whether the elevated risks of LGA are related to these complications or to the excess maternal BMI per se. Because our cohort of obese women was free of many preexisting major chronic conditions, we were able to assess the associations specifically with obesity.
A potential mechanism for fetal growth might be related to the greater insulin resistance and fetal glucose exposure that is found in obese women. However, the precise underlying mechanisms remain unclear. The development of insulin resistance is a physiologic goal of pregnancy, because it provides nutrients to a growing fetus. 21 Women who are obese at conception are more insulin resistant, which may lead to overnutrition of the fetus and overgrowth at birth. Maternal prepregnancy obesity not only reflects maternal insulin resistance but also other maternal characteristics, including maternal overnutrition, fat accumulation, and low-grade systemic inflammation. 22 All these conditions either independently or in combination may lead to adverse programming effects in the fetuses. The prospective longitudinal measurement of fetal growth and implementation of a standardized ultrasonography protocol to ensure high-quality measurements are major strengths of this study. Furthermore, the quality of ultrasonographic data was excellent and did not vary by maternal obesity status, because intraobserver correlations for all fetal growth measures were greater than 0.99 in both obese and nonobese women. Other strengths include weekly measurement of fetal growth across pregnancy, the a priori credentialing of ultrasonography technicians, and attention to covariate adjustment. In addition, this prospective cohort study was conducted in a multiracial cohort from across the United States who lacked major chronic conditions such as hypertension, diabetes, and cardiovascular disease. This aspect is essential to help tease apart the effect of these obesity-related chronic conditions from the impact of prepregnancy obesity alone.
Limitations
Some potential limitations of the present study merit discussions. The study methods may limit the generalizability of these findings to pregnant women without chronic conditions. As in other observational studies, measurement errors or residual confounding cannot be entirely eliminated. While prepregnancy obesity (BMI) was our primary exposure for analysis, it was self-reported by women on recruitment into the cohort; however, self-reported weight was highly correlated with measured maternal weight (r = 0.97) in this and in other US populations. 23 Lastly, there were some differences in the exclusion criteria pertaining to maternal preexisting chronic conditions between the 2 cohorts, to ensure a sufficient number of obese women were included. This underscores the need for careful interpretation of the results. However, in sensitivity analyses that excluded obese women with chronic conditions, our findings remained the same.
Conclusions
In this prospective longitudinal study among US pregnant women, we observed that fetuses born to obese women had longer bone lengths and head circumference than those born to nonobese women. Such differences commenced as early as 21 weeks' gestation and remained through delivery. Moreover, starting from 32 weeks' gestation, fetuses had greater abdominal circumference than those of normal-weight women. The mechanisms for and long-term health implications of these differences remain unknown. Future work integrating measurements of neonatal body composition with long-term follow-up are warranted. Such data will also be relevant in informing the design of gestation-specific interventions for obese women to optimize fetal growth and health outcomes. 6.4 (6.3-6.6) 6.4 (6.3-6.4) 6.4 (6.3-6.4) 6.4 (6.3-6.5) 13 9.2 (9.1-9.4) 9.3 (9. 6.8 (6.7-6.9) 6.7 (6.7-6.8) 6.7 (6.7-6.8) 6.8 (6.7-6.8) 13
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